Abstract This paper focuses on the numerical investigation of arc plasma behavior during arc commutation process in a medium-voltage direct current circuit breaker (DCCB) contact system. A three-dimensional magneto-hydrodynamic (MHD) model of air arc plasma in the contact system of a DCCB is developed, based on commercial software FLUENT. Coupled electromagnetic and gas dynamic interactions are considered as usual, and a thin layer of nonlinear electrical resistance elements is used to represent the voltage drop of plasma sheath and the formation of new arc root. The distributions of pressure, temperature, gas flow and current density of arc plasma in arc region are calculated. The simulation results indicate that the pressure distribution related to the contact system has a strong effect on the arc commutation process, arising from the change of electrical conductivity in the arc root region. In DCCB contact system, the pressure of arc root region will be concentrated and higher if the space above the moving contact is enclosed, which is not good for arc root commutation. However, when the region is opened, the pressure distribution would be lower and more evenly, which is favorable for the arc root commutation.
Introduction
Air DCCB has been widely used in DC power distribution network, which has the advantages of simple operation, high reliability, easy maintenance and plenty of available operating data. The arc commutation process plays an important role in air DCCB performance. If the commutation process sustains for a long time, the breaking process could be failed. Previous studies [1] have shown that the arc commutation process in air circuit breakers is a complex physical phenomenon. During the process, there are a lot of physical mechanisms such as gas convection, thermal conduction, radiation and magnetic force acting on the arc and so on [2∼4] . The pressure distribution, which is closely related to the design of the contact system, would strongly influence the arc commutation process, but its mechanism has not yet been made clear.
In this paper, a 3D simulation model based on magneto-hydrodynamics theory is built and applied. The influence of different contact system structures on arc plasma behavior is investigated for a certain medium-voltage DCCB. Some interesting phenomena are observed in the simulation and the effects of two different designs of contact system are compared. The simulation results indicate that the pressure distribution will strongly influence the arc commutation process, arising from the electrical conductivity variation in the arc root region.
Numerical model
The model presented in this paper is based on MHD theory. The behavior of the arc column is determined by coupled gas dynamic and electromagnetic interactions, which is described by Navier-Stokes equations, energy equations and Maxwell equations, respectively [5∼10] . All the equations included in the arc model can be written in a general formulation as follows:
where Φ is the fiels variable, Γ Φ is the corresponding property coefficient of the arc plasma, and S Φ is the source term. The variables and parameters for NavierStokes equations and energy equations are given in Table 1 .
Here ρ is density, σ is electrical conductivity, c p is specific heat, η is dynamic viscosity, λ is thermal conductivity, t is time, p is pressure, S i is the momentum source term (S u , S v , S w ), S h is the enthalpy source term, h is enthalpy, V is the velocity vector, u, v, w are the velocity components in the x, y, z directions. The air plasma physical properties described above, which depend on the temperature and pressure, are taken from Ref. [11] . For the source terms:
where i represents for u, v or w, g i is gravitational acceleration. q rad is radiative emission coefficient, which is calculated by net emission model [12] , q η is the heat lost due to viscous dissipation.
The magnetic flux density is determined through calculating the magnetic vector potential A [13] .
The electrical potential φ and electrical field E is obtained using Eqs. (5) and (6):
The magnetic flux density B and current density J is obtained from
In the numerical model, a few assumptions and simplifications are adopted to reduce the complexity of the simulation. First, plasma is assumed in a state of LTE (local thermodynamic equilibrium). Second, arc ignition and contact opening process are not included, and the calculation begins with a stationary temperature distribution between two electrodes. Third, vapors from metal and wall materials are not considered. Forth, a slice of nonlinear electrical conductive elements is utilized to represent the voltage drop of the plasma sheath, and the conductivity of the elements layer is determined by the current density, for which the information is given in detail in Refs. [5, 14] .
3 Model geometry and boundary condition Fig. 1(a) shows the geometry of the contact system and arc chamber adopted in this study. In order to reduce the computing time, a 1/2 symmetric model is adopted. 1 is moving contact, 2 is static contact, 3 and 4 are arc runner, 5 is current inlet, 6 is Splitter plates, 7 is air zone in chamber, 8 is vent. Two different contact system structures are shown in detail in Fig. 1(b) and (c), respectively. Fig. 1(b) is open designed contact system. The gap between the moving contact and the arc runner is open and connected with the space behind the moving contact. On the contrary, Fig. 1(c) is enclosed designed contact system, in which the shadow area is enclosed. The temperature boundary condition is described by the heat flux associated with the conduction in the sidewalls and metal parts [1] . The vent in Fig. 1 is used to connect the inner air volume with the atmosphere out of the chamber, and the static gauge pressure is set to be zero. Dirichlet condition of zero electric potential is imposed on the moving contact as the electric field boundary condition. During the simulation, a uniform current density distribution J is fed into the plasma from the current inlet, as shown in Fig. 1 .
The equations mentioned above are solved by the adapted commercial code FLUENT, which is based on the finite volume method [1∼3] . During the simulation, a constant total current of 20000 A is used. The number of meshed elements is 300000. More information of the model and boundary condition can be found in Ref. [2] .
Results and discussion

Results of the calculation
The arc commutation process in the open designed contact system is calculated and the result is presented in Figs. 2 and 3 . The temperature and the corresponding current density distribution are shown in Fig. 2(a) and (b), respectively. When t = 0.266 ms, the commutation process of the arc begins with the arc column expanding and moving forward continuously. Although the current density in the arc runner is still small enough to be neglected, the temperature of the air around the arc runner has already reached 6000 K or so, and a new arc root is about to be formed on the arc runner. When t = 0.386 ms, almost all of the current transfers to the arc runner. Thus, a new arc root replaces the former one at this time. The high temperature arc column leaves the area between the moving and static contacts. Then the arc continues to move forward, and the arc commutation process terminates. In order to understand the commutation process, the results of the open designed contact system at t = 0.296 ms and t = 0.326 ms are given in Fig. 3 . The pressure distribution shown in Fig. 3(a) is not concentrated above the moving contact, because the open design has a release channel for the pressure. And the maximum absolute pressure is 2.27×10
5 Pa. At the same time, the flow velocity is not very high while the maximum velocity is 2860 m/s. Therefore, the pressure distribution is relatively uniform in the open design system. Fig. 3(b) shows the later period of the arc commutation process, when t = 0.326 ms. The hightemperature gas has entered the area between two arc runners. When the high pressure region transfers to the arc runner, new current channel emerges. The arc commutation process will continue until the arc transfers completely to the arc runners. The calculation mentioned above is performed for the open designed contact system. In order to analyze the influence of the space around the contacts on the arc commutation process, another contact system model with enclosed design is also calculated, as shown in Fig. 1(c) . The results of temperature distribution and current density distribution are shown in Fig. 4 . The arc commutation process begins at t = 0.366 ms, and most of the current still flows through the moving contact at this time. The arc commutation process comes to the end when t= 0.511 ms. Obviously, compared with the open design, the arc commutation process starts later and lasts longer if the space above the moving contact is closed. The total time consumed in the commutation process increases by more than 30 percent. Fig . 5 shows the detail of the commutation process in the enclosed design contact system. At the beginning, the enclosed design hinders the diffusion of pressure, and forms a pressure concentrated area near the arc root. The maximum absolute pressure can reach 3.03×10
5 Pa. Besides, the flow velocity, which reaches 7000 m/s in the chamber, is much larger than that in the open design system. Therefore, a low pressure area forms between the two arc runners, as shown in Fig. 5(a). And Fig. 5(b) depicts the later period of the arc commutation process when t = 0.491 ms. The high-temperature gas has entered the area between the two arc runners. Just like the case of open design contact system, new current channel emerges with the high pressure region transferring to the arc runner. After the arc transfers completely to the arc runners, the arc commutation process will come to an end. 
Analysis and discussion
In essence, the arc commutation can be seen as the process in which new arc root begins to form on the arc runner, new current channel develops in the medium and finally replace the original current channel under the effect of electromagnetic force and flow field. When the resistance of the original arc channel is much larger than that of the new one, the former will be substituted and the commutation process is completed. Thus, the mechanism of this phenomenon, i.e. the arc commutation process starts earlier and takes a shorter time in the open designed contact system, could be explained by the electrical conductivity of the arc plasma during the process. Fig. 6 shows the electrical conductivity of air versus temperature and pressure. When the temperature is higher than 12000 K, the conductivity of air will increase with increasing pressure. Fig. 3(a) and Fig. 5(a) reveal that the high-temperature gas has reached the area between the two arc runners in both open and enclosed design contact system. However, the enclosed design makes the pressure in the arc root region more concentrated and obviously higher. Thus, the conductivity of the original current channel is much higher, making it more difficult for the current to transfer. If the commutation process sustain for a long time, the flow velocity will be higher under the continuous effect of magnetic force and flow field, which will make the pressure distribution more concentrated. Until the high pressure region transfers to the arc runner, the new current channel could be seen clearly. Therefore, the arc commutation process will take a much longer time in the enclosed designed contact system. Fig.6 The air conductivity versus temperature and pressure
Conclusion
The behavior of arc plasma in a certain mediumvoltage DCCB is studied in this paper. The influence of the contact system structure on the arc commutation process is discussed.
The simulation results indicate that the pressure distribution related to the contact system structure can strongly influence the arc commutation process, which can be attributed to the change of electrical conductivity in the arc root region. The relatively uniform distribution of pressure in the region around contacts will make the arc commutation process take a shorter time. If the pressure distribution is concentrated, it will make the arc commutation process proceed slowly. In the DCCB contact system, the pressure of arc root region will be concentrated if the space above the moving contact is enclosed. And when the region is opened, the pressure distribution would tend to uniform. Therefore, the open designed contact system will have a better circuit-breaking performance.
